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Abstract
The entire genome of E. amvIm'ora, strain Ea273, was sequenced at the

Sanger Institute. A manuscript reporting the total sequence and its annotation is in
preparation by authors in three locations. The genome of Ea273 IS Ca. 3.8 mhp,
which is small compared with other enterobacteria including non-pathogenic E. coli
K-12, and it shows signs of erosion due to man y pseudogenes and "lost" genes. It also
has a limited number of homologs with proteins associated with the type three
secretion system (T3SS) of other sequenced Gram-negative plant pathogens.
Analysis of a preliminary annotation identified several potential novel virulence
factors, including two novel T3SS islands. The genome sequence can be accessed at
http:ilwww.sanger.ac.uklProjccts/E_amylovora/. The preliminary annotation and
sequence can be accessed on request and registration at:
https:Ilasap.ahabs.wisc.edu/asapllogon.php. The ASAP database, maintained at the
Universit y of Wisconsin, Madison, is an extensive compendium of information
relative to microbial genomes, along with tools that facilitate comparisons of the
genorne of Ea273 with that of other sequenced bacteria. To increase the value of the
genonie to the fire blight communit y and others, additional biological annotation is
solicited. Curation of the genome will be done both at UW-Madison by Nicole Perna
and at Cornell by Ana Maria Bocsaricz y . In the following few years, we hope that the
genome sequence will facilitate greater understanding of tire blight at both the
molecular genetic and practical disease control levels.

INTRODUCTION
Fire blight is a devastating disease of rosaceous plants. It affects all four

subfamilies of the Rosaceae famil y, infecting about 200 species (Momol and Aldwinckle.
2000). However, the main economic importance of this disease is its effect on the apples
and pears throu ghout the world. The Gram-negative bacterium Erwin/a a,nv/ovoi'a causes
fire blight. There is no known plant host for E. a,nvlovora outside the family Rosaccae. E.
wnv/ovora is the type species of the genus Erwin/a, which was created to contain
members of the En/rio hacleuiaceae that are associated with plants (PaLilin. 2000).

E. a,nt'Iot'ora is phy'logenetically related to important animal and plant pathogenic
enterobacteria, such as Escherichia co/i, Salmonella Spp.. Singe/Ia spp.. Yersinia spp..
Pectobacte/u,i (ai'OtO%Oi'ioii and E. chrvsantheini. E. a,iii'Ioi'oi'a shares many biochemical
and morphological characteristics with members of this tiimil y, suggesting that many
survival and environmental responses could he conserved. However as a plant pathogen.
E. £onl/ot'ora has several features, like a T3SS pathogenicity island (Oh et al., 2005). that
resemble those of phylogenetically more distantly related Gram-negative bacteria, such as
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Pseudornonas sv'ingae.
The complete genome of E. am y/ovum was recently sequenced at The Sanger

Institute (www.san( yer.ac.uk!Projects/Microhes). Strain Fa273 was selected for the
sequencing, in part, because it is highly virulent oil hosts such as apple and
pear. The sequence and the annotations were uploaded to the ASAP (A Systematic
Annotation Package for community analysis of genomes). ASAP is a comprehensive
database developed to store, update and distribute genome sequence data and annotation
for all enterohacteria. The site (h1tps://p.ahabs.wtsc.edu/annotation/php/ASAP I .htm)
is a web interface that facilitates input and sharing of information by researchers
distributed throughout the world. Currently, the ASAP database includes a comprehensive
list of enterobacterial genome sequences, with their annotation, experimental data, when
available and tools for comparison with public databases. ASAP supports three levels of
users: public viewers, annotators and curators (Glasner et al.. 2003). The genome
sequence and the preliminary annotation are available upon request at the ASAP database.
Access is limited to registered users, who call it as annotators, and have agreed to
abide with the ASAP data release policy. Upon completion of initial analyses, the Ea273
genome will be publicly available through ASAP for continuous updates of the annotation
to reflect the growing knowledge of the community.

A manuscript reporting the sequence and a number of putative novel virulence
factors and regions potentially associated with virulence and pathogenicity is in
preparation at three locations. Among the more interesting results, we report the
identification of two novel T3SS islands, related to animal pathogenic and endosymbiotic
bacteria. The genome comparison with other closely related genonies in the
Enterobacteriaceae suggests that E. amv/oi'ora has a compact genome. It is closely related
to that of E. co/i and Salmonella spp., in structure, but E. amnvloi'ova lacks coding regions
found in many other enterobacteria that are clearly not required for its plant pathogenic
lifestyle.

The sequencing of the genome of E. amv/ovora represents a benchmark in fire
blight research. The sequence and its analysis will contribute to the formulation of new
hypotheses and open the opportunity for new approaches to study this important
pathogen. In the following years, we hope that the genome sequence will facilitate greater
understanding of fire blight at both the molecular genetic and practical disease control
levels.

MATERIALS AND METHODS

DNA Preparation and Sequencing
Strain Ea273 (ATCC 49946) of E. amvlevora was isolated from an infected apple

tree growing in a western New York orchard in the 1970s. Genomic DNA was extracted
from cells grown from a lyophilized sample of Ea273. Sequencing was performed at The
Sanger Institute. The initial readings were obtained by sequencing" shotgun
libraries cloned in pMAQI using dye terminator chemistry in AB13730 automated
sequencers.

Sequence Analysis, Annotation and Phylogenetic Analysis
The sequence was assembled, finished and annotated using methods similar to

those described previously (Parkhill ci al.. 2003). The finished sequence and the shotgun
readings are publicly available at http://www.sanger.ac.uk/Projeets/E  amylovora/

The sequence was analyzed with the following publicly available programs:
(dimmer 3.02 (http:/!chch.umd.edu/software/glimmer/) to predict protein coding regions:
1 RNAscan-SE I .21 (http://Iowelab.ucsc.cdu!tRNAscan-SE/) for tRNA predictions;
R BSfinder (http://www.tigr.org/software/genefinding.shtiiil) to find Ri hosomal Binding
sites in bacterial and archaeal genomes. and Transterm (http://transterni.cbcb.umd.edu/)
10 predict rho terminators. Searches for orthologous sequences of predicted Open Reading
Irames (ORF) used blastp, thlastn. tblastx and psi-blast options of the BLAST tool
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available at http://www.nchi.nlm.nih.gov1BLAST/ with the genome sequence as a query.

Artemis (Rutherford et al.. 2000) was used as the visualization and annotation
tool. OREs were defined as pseudogenes if they were interrupted by mutations that would
prevent translation, i.e. frameshifts, or if they had large portions of DNA inserted or
deleted, compared with their functional homologs.

The finished SCLiCflCC was compared with the genome sequences of selected
bacteria using the MAUVE software (Darling et al.. 2004). The sequences were aligned
using the progressive MAUVE option and visualized with the same tool. The finished
genome and preliminary annotations were uploaded to ASAP where we continue to refine
predictions and comparative analyses.

RESULTS AND DISCUSSION

Genome Structure and General Features
The genomc of Ea273 consists of a single circular chromosome of 3.805.874 hp

with a G+C content of approximately 53.5%. In addition, it has two extra-chromosomal
plasmids. one of 71,487 bp and one of 28.243 hp. A comparison of the general features of
the genome of Ea273 is presented in Table I . Interestingly, the chromosome of Ea273 is
the smallest of the genomes compared. The predicted coding sequences (CDS) covers
approximately 85% of the genome and their average length is 939 hp: both values are
similar to the mean of other closely related enterobacteria and the plant pathogen
Pseudoinonas si'ringae pv. tomato DC3000 (Pst) (Buell et al.. 2003) (Table I ). The only
exception is Soda/is glossi udi is (SLG) which has a very low percentage of CDS, a large
number of pseudogenes and shorter average length. characteristic of obligate symbionts.
Similarly, the estimated number of tRNAs in the Ea273 genome is in the same range of
those of the compared genomes. The number of predicted CDS is lower fr Ea273 than
for the other compared genomes except for SGL. but in contrast with the latter, the low
number in Ea273 is due mainly to the shorter length of the chromosome and not because
of a lower percentage of coding sequences. Thus. Ea273 has a more compact genoille.
The number of estimated pseudogenes for Ea273 is two and three times greater than in
J'ectolia'lc'ri on carolovorunl ( ECA) (Bell et al.. 2004) and S. enterica sv. thvphiiuuriion
LT2 (SENT) (McClelland et al.. 2001), respectively. These species are considered
examples of host generalists, whereas E. ainr/oic,'a is rather specific. However, when
compared with highly specialized endoparasites, the number of pseudogenes of Ea273 is
much smaller, i.e. only one-ninth that of Y. pesris ('092 (YP[) ( Parkhill et al., 2001 ).
This suggests that Ea273 is somewhat specialized for its niche while remaining capable of
a free-living life style.

A total of 3376 CDSs were identified in the chromosome of Fa—'1 73 292 (9%) do
not have any match in the current NCBI databases, while 324 (10%) are conserved
hypothetical proteins with no known function and only 46 (1%) seem to he mobile
elements such as integrases, transposases or phage related CDSs. This number is low
compared with other plant pathogenic bacteria, which also supports the notion that Ea273
has a stable genome. The remaining 80% of the CDSs were roughly classified in broad
categories. Most genes (787 CDS or 29%), are involved in transport or thought to he
associated with membranes. 18% are associated with cellular processes or energy
production and 17% are associated with nutrition/metabolic functions. Type Ill and Type
II secretion systems and their associated substrates, flagella and iimbriae biosynthesis
genes were roughly grouped in an important category comprising 17% of the total genes
with homology to other genes in the databases searched.

Plasm ids
Two plasmids were identified in the genome of Ea273. The first plasniid is a 28.24

khp and has been reported previously (McGhee and Jones, 2000) as pEa29. This sequence
for Ea273 has 100% identity with the one previously reported. Our annotation predicts
seven pseudogcnes and four additional CDSs for this plasniid.
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The second plasmid, 71.49 kbp, identified as pEa72 to follow previous
nomenclature, has some similarity at the DNA level in its first 5500 nt with pEU30,
reported previously (Foster et al., 2004) for strains of E. ainvlovora collected from Pacific
coast states of the USA; the region from 5500 nt to Ca. 30000 nt seems to be related to
genes of enterobacterial origin. pEa72 contains 87 predicted CDSs, with only two
predicted mohile/phage-related CDSs and one pseudogene. Forty-one % of the remaining
84 CDSs code for ira-like and p1/-like conjugative transfer genes, while 33% have
homology to hypothetical proteins of no known function or no matches in the databases.
Thirteen % of the CDSs appear to he involved in replication and stability.

T3SS Systems
The known hp pathogenicity island (Oh ci al., 2005) was located in the genome

of E. ainv/ovo/a. In addition two novel T3SS islands were identified. They were named
PAI2 and PAI3 to differentiate them from the known pathogenicity island (PA! I ). Roth
regions (PAl2 and PAI3) encode complete sets of T3SS apparatus proteins. When
individual translated proteins in each region were compared with the REFSEQ database
(BLASTP), the structures and organizations of both islands were very similar (Fig. I
and they were most similar to the SSR- I island of SGL_ which has two different
functional T3SS islands (Dale ci al., 2005). SSR-I is similar to the isa chromosomal
island of Y. enteroco/itica (Foultier et al., 2002), which is required for invasion of host
cells by both organisms (Dale et al., 2005).

Due to the similarity in structure and organization of PAI2 and PAI3, and the
completeness of PAI3 with respect to PAI2, we speculate that PAI2 might be paralogous
of PAR While PAl I clearly is required for pathogenicity of Ea273 in its plant host
(Steinberger. 1988). the function of PAI2 and PAI3 is not apparent. These islands encode
genes that seem more related to animal pathogens or endosymbionts: however, no animal
vectors or infected hosts of E. a/nr/o1'ora have been reported. Therefore, expression and
functional studies must be undertaken to elucidate the role of the novel T3SSs of PAI2
and PAI3.

Comparative Cenomics
We compared the genome of Ea273 with available genome sequences from six

closely related species [SENT, E. co/i 0157:117 (EHEC). E. Co/i K12. P. carotovorum, E.
ch,:j ,valithemi and SGLJ to the genome of Ea273 using the progressive Mauve option of
the Mauve comparison software (Darling et al.. 2004). In concordance with the
phylogenetic relationship (Hauhen et a).. 1998) (Fig. 2), the three genomes with closer
relationships are El-IEC. SENT and the non-pathogenic E. co/i K12. The progressive
MAUVE comparison was repeated for only Ea273. SENT and ECOKI2 to determine
more clearly the backbone sequence. The detailed analysis of the three sequences (Fig. 2)
suggests that the loss of putative coding regions occurred throughout all the genomes, as
we observed a high number of locally collinear blocks (LCB) shorter in Ea273 than in
either ECOK 12 or SENT. Some large rearrangements were evident, especially around the
ori g in of replication. The analysis revealed that a large proportion of missing genes arc
elated to environmental responses and to definite metabolic pathways, such as anaerobic

respiration or sugar metabolism which coincide with previously reported deficiencies
(Paulin, 2000).

Contributions of the Cenome to the Fire Blight Community
The complete sequence of the genome of E. ainv/ovora is publicly available at the

Sanger web page (http:/!www.sanger.ac.uk/Projects/E amylovora/). The reports of the
genome sequence with the annotation, including a manual annotation for virulence
factors; and a bioinformatics analysis that produced an inventory of candidate genes
upregulated by HrpL, a sigma factor known to upregulate T3SS related genes during plant
pathogenic infection in E. ainv/orora and oilier plant pathogens are in preparation for
publication.
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The complete sequence and annotations are currently available at the ASAP web
page (https://asap.ahabs.wiSc.edU/aSaP/lOgOn.PhP)  Upon registration. Interested scientists
can register by contacting Nicole T. Perna or Ana Maria Bocsanczy. Registered members
of the scientific community can retrieve information concerning the genome and make
coi1Warisons and/or they contribute to the ongoing annotation of the genome.

A web page on fire blight, which will he a portal to the gcnome project. K12
outreach programs, fire blight information, and other links of interest to the fire blight
community, will he publicly available.

The availability of the E. ami/ovora genome opens a new era of post-genomies
analysis, which offers animportant source of information for functional and evolutive
studies. Comparisons with other sequenced plant-pathogenic, which might have similar or
very different mechanisms of virulence and broader host ranges, are now possible. The
comparisons will also provide new sources of experimental information that might help
elucidate the function of the homologous genes found in E. amv/ovora. Additionally, the
availability of the genome opens new questions for specific functional studies that might
impact present research, such as functional studies of translocation.
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Fig. I. Comparative organization and similarity of the novel T3SS islands. The genetic
organization of PAI-2 and PAI-3 are very similar to SSR-I of S. gloss/n/thus and
Y enterocolitica. The figure was adapted from Dale et al. (2004). Each gene is
indicated with an arrow, the gray shades and pattern codes are indicated in the
lower row. The gray blocks indicate the regions of synteny.

Fig. 2. Comparative genomics of three genomes. From upper to lower row: So/inane//a
enterica subsp. tht'phimurnim, Escherichia co/i K12 and Erwin/a ainvlovora
Ea273. The alignment was produced and visualized with the progressive Mauve
option of the Mauve comparison software (Darling et al., 2004). The blocks
represent locally collinear blocks in the three genomes (LCB). The lines inside
each block represent the similarity of the regions inside the blocks.
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